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which the air is turnod by tho bdlades. A yaw survey with
no bladecs in %he tunnel and with stralght walls showed.

that,

in tho roglon: botvoon the socond and. the fgurth -

blaues, the alr anglc was coanstant to within 1/2°.,

It was found 'in theso tosts that the statlic pressuroe

in the survey planc onc-half chord bchind tho airfoils
was always closc to atmospheric pressuro and this fact is
used latcr to 51mnli£y tho analys;s.

- final dynamic pressure of alr after ldealigzed mixing

SYMBOLS
anglo betwecn initial alr and tangent to concave
surface of blades

angle between mean air and tangent to concave surface
of blades

local dynamic pressure
dynamic pressure of initial air
dynamic pressure of air one-half chord behind blades

dynamic pressure of mean alr

3

static p*essure measured by row of orifices ahead of
blade :

static pfegsuro one-half chord behind the blades, equal
to atmospheric pregsure

pressure rise across cascade (py ~ py)

~

final static pressure after idealized mixing
velocity of initisl air

veloqity in axia 1 dlreCulon

velocity of air behind blades

veloclty of air cutside wake in plane of A4g

mean vVoloclty




Au  veetor difference of vellocities.'(u1 - ug)

we final velocity of air aftor idealized mixing

5 arca of dlade

s solidity, chord of blades divided by gap between thenm

Op, 1ift coefficlont (1ift/q,s)

1ift q
CL :-—————:———QCL
o 4q,.8 q, 1

A, cross—scctional area of initial air strcam that passes
between adjacent hlades

A, area of air stream Detwoon adjacent dlades one=half
chord behind Dlades

8 angle through which air is turned by bladocs

p air density

AH total-hecad defoct
B stagaer

F forece on blades
DATA AND ANALYSIS

Turning effcetivencss of the bladcg.- The angle ©
through whiech the air was turned by the blades i1s plotted
in figure 2 against «,, the anglec between the initial
air and the tangent to the concave surface of the dladoes,
The angles given aro averages taken over the air in the
central vertical planc between the sccond and the fourth
bladecs with the region in tho blade wakes cxeludcd, It
will be noticed that d8/da,; 1is closc to unity, which
illustrates that the bchavior of the cascadec with a solidit;
of nnity i1s much closcr to the infinitc-sgolidity ecase
d8/da, = 1 than to the isolatcd-airfoil case d6/da = O.

Preossure distribution and 1ift.- It seems to be cus-—
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tomary to base blade characteristics on Ymean-air" condie
tions, A mean-velocity vector u, (fig., 3) halfway be-
tween"the initdial air vector - v, and the fimnl air vector
v, 1is used as the basis for determining Aoy g and

Cr,» In flgures 4 and 5 the pressure distributions ob-
tained from orifices in the contral airfoil are given.
The quantity plotted is the difference between initial im-

pact pressure g and local static pressure divided by
P which is equal to the local dynamic pressure gq di-

vided by a,. The values of atmospheric pressure Dy
and the static pressure ahead of the blades p, .are also

indicated on the graphs as differcnces in total head di-
vidod by q,-

The valucs of 1ift coefficicnts cLo givon in fig-

ures 4 and 5 wcre obtaincd from the pressure distributions
by the use of a planimeter, They are plotted as circles
" in figurecs 6 and 7?7, In figurc 7 tho 1lift coefficlonts

CLl and anglcs of attack o, arc bascd on initial alr

conditions.

Tho forcc on the bladecs can also be compubted from mo-
mentum considorations. Thore is a forcc parallel to the
staggor line owing to the fact that the air has bocn turnod,
per blade ) -

pu, Aub /s - (1)

There 1s a force perpendicular to the staggor linc owing
to the pressurc risc across the cascade, per blado

ApS/s (2)

The squaro of the force on tho blades is thon -
. . .
7P = (pu, . &uS/s) + (LpS/s) (3)

If the drag forces arc ncglected, this force can be related
to tho 1ift coofficicnt GLl to glve

2 2w, . A2 A 2
61, % = I =(___._3§.3> + _.1_’_> (4)
(% pulas> Vg 8 4.8




From figure 3

E@«i{_ = cos B

R,

Au u . -

— = —2% [tan B - tan (B - 6)]
u Uy

Then

oy, 2 _ [2 cos® B [tan
1 S

S

_‘2 2
B - tan(p - S)J] . AP>

or in the casc covercd by thosc tosts B = 45
so that ' T :

- 2 AP:
Cr, ° = |1 = tan (s~e)] +<€:>2 (5)

-

The valucs of CLl and CLO obtaincd from oquation

(5) arc plottoed against @, and a,, respcctively, as
crosses in figurcs 6 and 7., The agrccment botween the two
mothods of caleculating mny be teken as a mcasurc of the
accuracy of the prescent investigation, In figure 8, CLo

is plottod against a, to scrve as a corrclation between

the two methods of cxpressing the data,

Preosurc risc across the cascadc.~ The pressure rises
across the cascade -~ that is, the differences between the
static pressure measured ahead of the blades and the atmos-
pheric pressure - divided by the initial dynamic pressures
are plotted as circles in figure 9. This plot can be con-
pared with the pressure rise that would have been obtained
if no energy losses hod occurred, In the absence of energy
losses, the pressure rise can be determined from figure 10,
From the figure and the fact that the fluid may be consid-
ercd incompregssible.

Uy cos B G '
6
u, cos (B - §) dy 92

and from Bernoullils theorem



Py =Py =4, = 4, - (7)

- T -
& ., 8%, [___cos B } (8)
a; . a, Lcos (3 - 9)

Points obtained from equation (8) and tho measured
- values of 8 are plectted as squares in figure 8. It can
be seen from figurc ¢ or figure 1 that the blades continue
" to turn the air even after they are completely stalled.
The pregssure rise that might be expected to accompany the
increase in the area of the stream produced by the turning,
however, does not occur,

Logses in the cascade.—~ The difference between the
curves of figure 9 indicnted by circles and those indicated
by squares must be attributed to energy losses in the flow
through the cascade. In order to measure the part of this
discrepancy that should be attributed to the drag of the
blade, a roke of total-hend tubes was used to survey the
wake in the central veritlcal plane one-half chord length
behind the central dlade. A first approximation to the
blade~-drag losses can be found from a simple total-head
integral. The energy defect (assuming constant static
pressure) is

k)
Energy dcfect = // upAHAA (9)
A

2

where AE 1ig the total-head defect in the element of area
dA,. If the total~head defoct is not very large anywhere

in the wake ug & Uz (the average of wuz over Ay) and

the enrnergy defect may be written

Eneregy defect = Eaf AHQA, (10)
A,

Equation (10) was made nondimensional by dividing by the
total kinetic energy entering the cascade to obtain

energy defect _ Up éﬁ AHGA, .£@‘AH¢53

initial kinetic energy g u. 4, a,4;

(11)




This quantity is plotted in figure 11.

The pressure
rected for
static pressure was

i &
these mes

e across the cascade will now be cor-
ured blade-drag losses., Since the
nearly constant cverywhere,

S
e

»

3

- 1 1
AH = = pugy ? - = oug®
2 0 2
or
ugy = wy 2 A H
o 1 o
2
and from continuity
I )
A / A =2 A H
Wasiy = / u.;ad.:s.a = u.go n— 1 p dAg
L . i —
. Ag A, 2
hence
LAz P Y2, " OH dAg
l = — / / - ——
2 .
N Uy 1 A2
by
Yow since wu, is the vol ty outside the wake
1
= puy® + py = < pug ° + pg
2 2 o]
and . @
éE PR IR *
P 2
41 L3
hence
AH dA ( )
- — 12
Q) Ap
The pressure rise across tle cascade can be determined
from equation {12) by =2 trial-and-error procedure if the
total-head losses are known. In cases where AH/ql is



A
always small comparcd with 1 - ~£3 the square root in

. : 1
equation (12) can be expanded by the binomial thoorem and
reduced %o a form that is easier to solve for Ap. If
only the first two torms-in the expansion arc retained,
equation (12) bocomcs |

A - X A T di
<1~é£9_ \e_/-é}’___l.__-i 8E 225 L 6 (13)
A/ 4y N E1 2 Ay a1 453
Ag

The pressure rlse across the cascade may then be
found from equation (13) when AF/q, is small, These
pressure rises are calculated from equations (12) and (13)
and are plotted as the middle curve in figure 9. EBquation
(13) was used for the low-drag region wherc the wakes were
not very doop.

It will Dbe seen that a large part of the differcnces
Petween theory and experiment are nobt attributadle to the
Crag of the blades in thoe central plane. It was thoere-
Torec decided to survey the catlre arca A, (on onc side
of the eceantral planc) at a single angle of attack, Sy =
120, to determince the cansce of the remalning discropancy.
The rosults of the total-hcond survey arc shown in figure
12, The Ffigurc is 1a the vlanc of i, onc=half chord
longth behind the central airfoil, The lincs in the fig-
vre are contours of cgual total-head defect and the num~
bers on the con%tours are the percentages of initial total
head lost. The losses along the wallg are seen to be very
important. :

The pressure rise across the cascade was then deter-
mined Dby evaluating the integral in equation (12) fronm
the general survey shown in figure 12. The value obtained

vas ér = 0,28l., The agreement between thls value and the

53
experimental point 0,271 is now within experimental error.

If the air leaving the cascade were allowed to mix
without net loss of momentun, a greater pressure rise
would be obtained (meationed later). The measurod pressure
rige will dopend, in general, upon the distance that has
been ~llowed for the wake to mix with the surrounding air,
In order %o obtain a comparison with the perfect-fluid
pressure rise that would be independent of the arbitrary
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.chéico of the survey planc. A;, the pressure rise duc to
idealized mixing will now be added to pj.

Consider that the stream lcaving the cascade is allowed
to mix wlth the total momentum and with the eross-secctional
arca 'Ap unchanged. The final velocity wup and the final

pressurc pp can then 'be found fron continnity

w4, = _/ﬁ updd, = uphy ' - (14)
"o

and conscrvation of momcntunm

' 2 A 2
Pohy + Ppupthy = / puydh, + Ao,
%Ag
s P 2 + 3 2
Since u/ pus“dAs 1s always lasrgoer than pus©4p,
4.

thore will always bo a pressurc risc accompanying the mix-
ing process. This pressurce risc is :

==/ Ban, - 22 (15)

The integral in ccuation (15) was obtainecd dy finding
the arcas under the various contours of figure 12 with o
planiniter, The velue of ¢s/q, was obtaincd from equa-
tion (14), the first and the sccond terms yielding 0.6585
and 0,652, rospectively, The inaccuracy of the measure-
monts is indicated by this discropancye. By use of dqe/q, =

DPp = P
0.659, it was found that =—L£:"2 - 0,020, Adding this
- q

1 Pe ~ Py
valuc to the experimental value of Ap/q1 gives “i“a——"'=
1
0,281, ©This waluec is plotted as o plus sign in figure 9.
Adding tho idealiszed mixing pressure rise to the valuo of

AP/ql obtained thecorctically by taking account of the

>
as a cross in figure ¢, Comparison with the plus point
shows a satisfactory agreemont with the expcerimental ré-
Tor il1doalized mixing. '

complete sxit survey gives 0,301, This valuc is plotted
sults also corrccted, T
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‘The pressure rise found is thus frced from the arbi-
“trary choice of the survey station. It is the maximum
pressure rise that could be obtained by adding an idealized
mixing channel after the cascade.

APPLICATiON AND FUTURE PROGRAHM

. Two of the results of this Qork would appear-general
egpugh 40 be useful while further cascade work is in prog-
ress.. '

"It will be noticed from figure 2 that da8/dx; is close
to unity; that is, close to the value that would be ex-
pected for infinite solidity. It wounld secem, as a reasone
able surmise, that this rosult would apply generally for
.solidities of the order of 1 or greater., A test of a single
blade in the cascade sebt-up showed that the angle of zero
1ift is ncarly unaffected by the presence of the obther
bladese This result might also be preosumcd to apply genwe
crally when the solidity and the camber of the cascade arec
not too large., It sccms likely, therefore, that there is
a solidity range near unity obeying a simple relation of
the form

8 =k (o = ay )

‘where Xk is an empirical factor that is botween 1.0 and
Ce9 for thc conditiong of thesc tests and . SR is the an-

glo of gzecro lift of thc 1lsolated alrfoil, This cquation
can bo uscd togethcer with a relation of the form of cquaw-
tion (8) to approximate the pressure rise across a cas-—
cade in the abscnce of lossos, .

The general survey (fig. 12) mnde at o, = 12°  showed
that a large part of the cncrgy losses are duec to poor flow
near the walls.  The wall boundary laycr ncar thce convex
surface 0of tho blado was greatly thickened, as might bo ox-
pectcd, for two rcasoms: First, this air had to flow
ngainst noarly the same unfavorabdle pressurc gradicnts as
the air that passed over the blade, whercas the wall air
startcd with a devcloped bvoundsry laycr; socond, the low-
pressure reglion necar the blade probadbly accumulatecd air
from the boundary laycr of the adjacent wall., Similarily,
the high-pressure region ncar the concave surface of the
" blade appecarcd to repcl its boundary laycr, producing a
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thin-wall boundary layecr ncar this surface. It would be
expected that these cffocts would incrcasc with inercasing
1ift cocfficiont, ' : '

The importance of wall losscs makes it imperative
that they be considered in the design of blowers for high
efficiency. The 1ift coefficient for optimum efficiency
is reduced below that of maximum blade lift-drag rntio, as
can be seen by comparing figures 9 and 11. In the case
covered by these tests a 1lift coefficient CLO near 0.4 or

0.5 would appear to be most efficient. Under these condi-
tions for the cascnde investigated, the alr stream is
turned through aon angle 6 Dbetween 10° and 13°%, Wall
losses must.be considered to be even more scrious in the
usc of more highly cambered blades, bocause the minimun
blade drag occurs at higher 1ift coefficients.

It is to be expeccted that wall losses would Dbe in-
creascd by the presocnce of end gaps and relative motion
between the blades and the adjacoent wall; thesc design
conclusions must thorefore be considercd only tontative,.

CONCLUSIONS

l., Thec anglec through which the air is turncd by a
cascade of blades with a solidity of 1 and a small cam-
ber is ncarly cqual to the angle of attack (with rcspoct
to the cantering air) of the blados minus the angle of
attack for zero 1lift of the isolated airfoil.

2. A large part of the loss in a cascadoe may be
associatod with the flow aloang the channecl walls and par-
ticularly with a rogion of slow air ncar the Jjunctures
of the convex side of the blades with the wallse

Langley ilemorial Acronautical Laboratory,
National Advisory Committee for Acronautics,
Langley Field, Va.
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TABLE I
. NACA 65,2-810 AIRFOIL

COMBINED WITH y = 0,0015x

Upper surface Lower surface
X h's X y
(percent c) (percent c) (percent c) (percent ¢)
0 0 0 0

250 #9913 «740 -.513
«436 1,130 - 1,014 ~e570
«949 1.510 1.551 : -eb654
4,591 3.448 5.40C9 -+220
700’?2 4.371 7.928 "0979
9,569 5,149 10.431 -1,013
14.589 6.415 15.411 ~1.031
19.629 7.386 20,371 -1.018
24,681 8,139 25.319 -+979
29,740 8,705 304,260 -.929
34,804 9,008 35.196 -.,858
39.8%70 9,839 ‘40,130 -e771
44,936 9,409 45,064 -eb49
50,000 9.282 50,000 -e458
55,058 8.950 54,942 -el90
860,107 8.434 59,893 134
65.143 7.744 64,857 ' «496
70.164 8,922 69,836 +«854
75,171 6,025 74.829 1,135
80,162 5,024 79.838 1,344
85,137 3.9356 84,863 1,449
90,104 2.810 89.8938 1,326.
95,085 1,612 94,935 .916
100,048 o142 99,952 -el4d2

L, B, radius: 0.666 percent ¢
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Figure l.-Cascade testing apparatus.
Cascade of WACA 65,2-310 sections
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NACA Figs. 2,3
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Figure 2.~ Angle turned by air in passing through cascade, Cascade of
NWACA 55,2-810 sections; stagger: 459; solidity. 1.
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_Pigurs L.~ Section pressure distributions.
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Figurc 7.~ Lift coofficeonts based on initial air conditions.
Cascade of NAQA 565,2-810 scctionss
Staggores 45°; Solidity: 1.




.60 ; ; ; e : r ' ; T
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Figure 9.~ Pressure rise across cascade. Cascade of NACA 65,2-810 sections; stagger, 45% solidity, 1.
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Figure 10.— Illustration for pressure-rise calculation,
Cascade of NACA 65,2-810 sections;
stagger, 45°; solidity, l.




NACA ' Fig. 12
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ABSTRACT:
The flow through a cascade of the stationary NACA 65, 2-810 blower blade sections with a solldity of
1 and stagger of 45° was experlmentally studied fn order to provide data about the flow, lift and energy
losses occurring In cascade. Impact and static pressures ahead of the blades were measured by tne
total head tubes and statlc pressure orifices, The angle through which air was turned by the blades was
measured by a yaw head. Turning effectlveness, pressure rise, lift and energy loss characteristics are
evaluated and correlated.
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